The Gram-negative bacterium Variovorax paradoxus strain B4 was isolated from soil under mesophilic and aerobic conditions to elucidate the so far unknown catabolism of mercaptosuccinate (MS). During growth with MS this strain released significant amounts of sulfate into the medium. Tn5::mob-induced mutagenesis was successfully employed and yielded nine independent mutants incapable of using MS as a carbon source. In six of these mutants, Tn5::mob insertions were mapped in a putative gene encoding a molybdenum (Mo) cofactor biosynthesis protein (moeA). In two further mutants the Tn5::mob insertion was mapped in the gene coding for a putative molybdopterin (MPT) oxidoreductase. In contrast to the wild type, these eight mutants also showed no growth on taurine. In another mutant a gene putatively encoding a 3-hydroxyacyl-coenzyme A dehydrogenase (paaH2) was disrupted by transposon insertion. Upon subcellular fractionation of wild-type cells cultivated with MS as sole carbon and sulfur source, MPT oxidoreductase activity was detected in only the cytoplasmic fraction. Cells grown with succinate, taurine, or gluconate as a sole carbon source exhibited no activity or much lower activity. MPT oxidoreductase activity in the cytoplasmic fraction of the Tn5::mob-induced mutant Icr6 was 3-fold lower in comparison to the wild type. Therefore, a new pathway for MS catabolism in V. paradoxus strain B4 is proposed: (i) MPT oxidoreductase catalyzes the conversion of MS first into sulfinosuccinate (a putative organo-sulfur compound composed of succinate and a sulfino group) and then into sulfosuccinate by successive transfer of oxygen atoms, (ii) sulfosuccinate is cleaved into oxaloacetate and sulfite, and (iii) sulfite is oxidized to sulfate.
Mercaptosuccinate (MS) is a chiral multifunctional intermediate in organic synthesis, and it has been widely employed in the synthesis of various biologically active sulfur-containing compounds such as antileukemic (64) , antimicrobial (43, 59) , and antitubercular (17) pharmaceuticals. More recently, MS has also been used as a building block for the synthesis of novel polyanionic inhibitors of human immunodeficiency virus and other viruses (47) . In addition, the sodium salt of the anionic Au(I) complex of MS is an effective antiarthritis drug (59) .
The metabolism of MS in bacteria was initially investigated in Alcaligenes sp., a strain isolated from soil, which was able to use MS as a sole carbon, sulfur, and energy source for growth, with concomitant production of sulfate as an end product (31) . Subsequent experiments could not establish a direct relation between thiosulfate oxidase activity and utilization of MS by this bacterium (32) . The phototrophic bacterium Rhodopseudomonas sp. used MS as substrate for so-called organolithotrophy and transformed it to fumarate with concomitant sulfide release (79) . This indicates that MS is catabolized by different pathways depending on the microorganism. However, these were the only studies on the catabolism of MS, and no enzymes involved in catabolism of this organic sulfur compound (OSC) were identified.
On the other hand, polythioesters (PTEs) are biopolymers produced by bacteria and have already been proposed for different applications (49) . MS could eventually be applied as a precursor in the production of these compounds. However, first it is necessary to know the catabolic pathway of this OSC. Therefore, this study aimed at elucidating the catabolism of MS in bacteria. For this purpose, bacteria capable of degrading MS and of using this OSC as a sole carbon source for growth were isolated. In addition to other bacteria, the Gram-negative bacterium Variovorax paradoxus strain B4 was isolated from soil because of its ability to use MS as a sole carbon, sulfur, and energy source under aerobic conditions. The genus Variovorax belongs to the family Comamonadaceae of the Betaproteobacteria and was proposed by reclassification of Alcaligenes paradoxus (82) . The present study focused on V. paradoxus strain B4 to undertake a first study of the catabolism of MS also because this bacterium was susceptible to transposon mutagenesis. Based on the physiological analysis of these mutants and on the identification of Tn5::mob insertions in their genomes, a putative pathway of MS degradation is proposed.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this study are described in Table 1 . V. paradoxus strain B4 was cultivated aerobically in mineral salts medium (MSM) (70) containing 0.5% (wt/vol) mercaptosuccinate or a different carbon source. If V. paradoxus strain B4 was incubated with MS as a sole source of carbon, sulfur, and energy, MgSO 4 was replaced by MgCl 2 . Mutant Icr6 was cultivated in MSM containing sodium gluconate as a carbon source and 0.8 mM MgSO 4 as a sulfur source. Escherichia coli strains were cultivated and maintained in lysogeny broth (LB) medium (69) at 37°C under aerobic conditions. E. coli S17-1 harboring suicide plasmid pSUP5011 was used for transposon mutagenesis of V. paradoxus B4. E. coli Top 10 and vector pBluescript SK Ϫ were used for DNA cloning and construction of gene libraries. Antibiotics were added at a concentration of 75 g ml Ϫ1 (ampicillin [Ap]) or 50 g ml Ϫ1 (kanamycin [Km] ) if necessary. Carbon and sulfur sources were added from 20% (wt/vol) stock solutions exhibiting pH 7.0. Solid medium contained 1.8% (wt/vol) purified agar-agar.
Chemical synthesis of sulfosuccinate. DL-Sulfosuccinate was synthesized chemically from dialkyl sulfosuccinate (DASS) according to a protocol described previously (63) .
Growth inhibition experiments. The inhibitory effect of acrylic acid, a potent inhibitor of the ␤-oxidation of fatty acids (77) , and of tungstate, an inhibitor competitive with molybdate in molybdoenzymes leading to inactive enzyme proteins (57) , on the growth of V. paradoxus strain B4 was investigated. Cells were cultivated in MSM containing 0.5% (wt/vol) MS or 0.5% (wt/vol) sodium gluconate as a sole carbon source, and subsequently acrylic acid or sodium tungstate was added to a concentration of 2.5 or 10 mM, respectively. Cultures were inoculated with seed cultures grown for 24 h in MSM and were then incubated at 30°C for 48 h. Growth was monitored by turbidity measurements in a KlettSummerson photometer. Control cultures were grown simultaneously under the same conditions but in the absence of an inhibitor.
Strain identification. Assimilation of some carbon sources and the presence of important enzymes were studied by using API 20NE identification test stripes (bioMérieux, Marcy-lЈEtoile, France). Bactident oxidase test stripes (Merck KgA, Darmstadt, Germany) were used to determine the oxidase reaction. Catalase was measured using 3% (vol/vol) H 2 O 2 .
16S rRNA gene sequence. The 16S rRNA gene of V. paradoxus strain B4 was amplified from a single bacterial colony using the kingdom-specific primers f27 and r1525 according to previously published protocols (39) . Analysis of the obtained 1.529-bp sequence was done with program BLASTN, version 2.2.10 (3). The nucleotide sequences of the 16S rRNA genes of strain B4 and of related type strains belonging to the same phylogenetic group and of well-known ␤-subclass Proteobacteria were aligned using CLUSTAL_X (78) . Resulting trees were calculated by using the neighbor-joining method (68) and are displayed with TreeView (61).
Tn5::mob mutagenesis. For transposon mutagenesis of V. paradoxus strain B4, a suicide plasmid technique described previously (74, 75) was employed by transferring pSUP5011 from E. coli S17-1 to the kanamycin-susceptible strain B4 by conjugation using the spot agar mating technique (28) . Tn5-induced mutants were selected on MSM agar plates containing 50 g of Km ml Ϫ1 and 0.5% (wt/vol) disodium succinate. About 20,000 mutants were transferred in coordinated patterns onto MSM agar plates containing 0.5% (wt/vol) MS or 0.5% (wt/vol) disodium succinate, respectively. Mutants showing no growth with MS but with disodium succinate as a carbon source were selected for further investigations.
Genotypical characterization of Tn5-induced mutants. Genomic DNA of Tn5-induced mutants was restricted with BamHI or SalI, and the resulting fragments were ligated into plasmid pBluescript SK Ϫ . Recombinant E. coli clones were selected for kanamycin resistance conferred by Tn5. The hybrid plasmids of clones harbored a BamHI or SalI restriction fragment, which included the region of Tn5 that is located between the mob-site and the IS50 L element (including the Km r gene) plus genomic DNA adjacent to the Tn5 insertion locus. These plasmids were sequenced using an oligonucleotide (5Ј-GTTAGGAGGTCACATG G-3Ј), which hybridized specifically to the IS50 L element of Tn5::mob. Insertions of Tn5::mob into the genomes of the mutants were confirmed by Southern hybridization using ApaI-digested genomic mutant DNA and a digoxigenin (DIG)-labeled Km resistance cassette derived from Tn5::mob DNA.
DNA sequence analysis, modifications, and other molecular methods. Plasmid DNA was isolated according to Birnboim and Doly (7) . Chromosomal DNA of the wild type and of mutants of V. paradoxus B4 was isolated as described by Marmur (52) . Restriction enzymes and ligases were used according to the instructions of the manufacturers. To transfer DNA, competent cells of E. coli were prepared by the Hanahan (33) procedure. DNA sequencing was done with a SequiThem long-read cycle sequencing kit (Epicentre Technologies, WI) and IRD800-labeled oligonucleotides (MWG-Biotech, Ebersberg, Germany). Sequence reactions were done in a GeneReadIR4200 DNA analyzer (LI-COR, Inc.). Amplifications of plasmid or genomic DNA by PCR were done as described previously (39) . For sequencing of genomic regions adjacent to known sequences, the PCR-based directional genome walking method (55) was applied.
Sequences were analyzed using the BLAST X algorithm at NCIB (http: //www.ncbi.nlm. nih.gov/Blast/) by searching protein databases using the translated nucleotide query (3, 51) . Neighbor-joining trees were generated from CLUSTAL_X alignments (78) using the program NJPlot (68) . In silico sequence analysis of MPT oxidoreductase was performed. For this, the MPT oxidoreductase gene was completely sequenced by the PCR-based directional genome walking method. The sequences of orthologues of MPT oxidoreductase from the NCBI database were compared and are depicted in a dendrogram.
Cell fractionation. Cell harvest and fractionation were accomplished as described by McEwan et al. (53) to obtain the respective periplasmic, cytoplasmic, and membrane fractions. In addition, cells were also fractionated in cytoplasmic and membrane fractions according to Bilous and Weiner (5) . Proteins bound to the cytoplasm membrane were solubilized using Triton X-100 as described by Weiner et al. (81) .
Enzyme assay. MS oxidoreductase activity (MS oxidation) was determined at 25°C under aerobic conditions using 2,6-dichlorophenolindophenol (DCPIP) as the electron acceptor and phenazine methosulfate (PMS) as the carrier (1, 34) . The reaction was started by adding aliquots of the respective cellular fractions to the assay mixture containing 0.2 mM PMS, 40 M DCPIP, 1 mM EDTA, and 20 mM MS in a final volume of 1 ml of 50 mM Tris-HCl (pH 8.0). DCPIP reduction was followed by measuring the absorbency decrease at 518 nm (ε DCPIP of 21.0 mM Ϫ1 cm Ϫ1 ). Negative controls were done with denatured protein as well as without MS and/or PMS. Protein concentrations were determined according to Bradford (10) . Native polyacrylamide gel electrophoresis and activity staining. Discontinuous electrophoresis of cell-free lysates from V. paradoxus cultures was performed in 8% (wt/wt) acrylamide gels (29:1, acrylamide-bisacrylamide) under nondenaturing conditions (18) . Bromophenol blue was used in the loading buffer. Proteins were stained with Coomassie brilliant blue (80) . The gel was stained for MS oxidoreductase activity in the presence of 50 mM Tris-HCl buffer (pH 8.0) 0.2 mM PMS, 40 M DCPIP (1, 34) , and 20 mM MS. It became colorless due to the MS-dependent reduction of DCPIP by MS oxidoreductase. Negatively stained bands were fixed with triphenyltetrazolium chloride (38) . A negative control without MS was also done.
PHA and PTE analysis. V. paradoxus B4 was cultivated in MSM containing 0.5% (wt/vol) MS or disodium succinate as a carbon source. After 24 h of incubation, the cultures were fed with 0.5% (wt/vol) MS or 0.2% (wt/vol) 3-mercaptopropionic acid (3MP) as precursor substrates, and after 48 h of cultivation the cells were harvested and washed twice. The polyhydroxyalkanoates (PHA) and PTE contents of cells were determined by methanolysis of 10 mg of lyophilized cells in the presence of sulfuric acid and by analyzing the resulting methyl esters gas chromatographically (11, 49) .
Sulfate analysis. Sulfate was determined by turbidimetry using barium chloride (76) . Supernatants of cultures from the MS-negative mutants and the wildtype strain were analyzed. Main cultures were first incubated in MSM containing 0.4% (wt/vol) gluconate, transferred in MSM containing 0.5% (wt/vol) MS as a sole carbon source, and then incubated for 48 h.
Nucleotide sequence accession numbers. The nucleotide sequence of the 16S RNA gene of V. paradoxus strain B4 was deposited in the GenBank under accession number EU979529. The sequence of the MPT oxidoreductase gene of V. paradoxus strain B4 was deposited under accession number HQ171988. 
RESULTS

Isolation and characterization of MS-degrading bacteria.
To isolate bacteria capable of degrading MS and of using MS as a sole carbon and energy source, soil and water samples were taken near a production plant for chemicals. Enrichments were done under aerobic conditions in MSM containing 0.5% (wt/vol) MS as a sole carbon and energy source. After the cultures showed considerable turbidity, samples were plated on solid MSM containing 0.5% (wt/vol) MS. Cells from colonies growing on these plates were transferred several times to fresh MSM agar plates until axenic cultures were obtained. Nine strains were isolated and successfully purified from water samples: W1, W2, W3, W4, W5, W6, W7, W8, and W9. Enrichment cultures inoculated with soil samples yielded six bacterial strains in axenic cultures: B1, B2, B3, B4, B5, and B6. All 15 strains were Gram negative and catalase positive. Strains W5, W6, W7, W8, W9, B5, and B6 showed an oxidase-negative reaction; since these strains could be members of the Enterobacteriaceae which may cause human diseases, they were not further investigated. The ability to grow on different carbon sources was investigated only in oxidase-positive strains. Whereas some strains used propionate or acetate as a sole carbon source, none of them used 3-mercaptopropionic acid or other OSCs like 3,3Ј-thiodipropionic acid (TDP), 3,3Ј-dithiodipropionic acid (DTDP), 4,4Ј-dithiodibutyric acid (DTDB), 2-mercaptopropionic acid (2MP), and thioglycolic acid (TGA) for growth (data not shown). Relevant features of the strains growing best on MS are summarized in Table 2 .
Description of V. paradoxus strain B4. Strains W1, W2, W3, W4, B1, B2, B3, and B4 were further characterized by methods of polyphasic taxonomy and 16S rRNA gene sequence analyses to unravel their phylogenetic positions. 16S rRNA genes of most strains exhibited highest similarities (99.7%) to species of the genus Achromobacter, like Achromobacter xylosoxidans subsp. xylosoxidans (Table 2) , which are opportunistic human pathogens (67) . Strain B4 was the only isolate that was not affiliated to a genus potentially comprised of human pathogens. Cells showed good growth in MSM containing 0.5% (wt/vol) MS as a sole carbon, energy, and sulfur source and exhibited gentamicin and kanamycin susceptibility; growth occurred between 25 and 37°C (optimal growth at 30°C) under aerobic conditions. Cells of strain B4 are Gram negative, catalase and oxidase positive, and short and rod shaped (about 1.5 to 2 m in length and 0.5 m in width) when grown in MSM containing MS. Colonies were round, yellowish, and approximately 4 mm in diameter when grown on solid MSM with MS as a sole carbon source. The API 20NE system identified isolate B4 as a strain of Pseudomonas pickettii (67.4%). However, the complete 16S rRNA gene sequence of strain B4 (EU979529) exhibited 99.9% similarity to the 16S rRNA gene sequence of V. paradoxus strain DSM 66 (AJ420329). Sequence similarities to other bacteria were below 97% (Fig. 1) . We therefore refer to this strain as V. paradoxus strain B4.
Accumulation of poly(3-hydroxybutyrate) was observed when V. paradoxus strain B4 was cultivated in MSM containing 0.5% (wt/vol) MS or disodium succinate as a carbon source. However, PTEs consisting of 3-mercaptopropionate units were accumulated only when 0.2% (wt/vol) 3-mercaptopropionic acid was added to the cultures (data not shown).
Degradation of MS. V. paradoxus strain B4 is able to grow in MSM containing MS as a sole carbon, energy, and sulfur source irrespective of whether liquid or solid MSM is used. Growth of strain B4 was analyzed in liquid MSM containing 0.5% (wt/vol) MS, which is equivalent to 33.3 mM, and with MgCl 2 instead of MgSO 4 . The turbidity of the cultures increased concomitantly with the sulfate concentration in the medium ( Fig. 2A) . After 48 h of cultivation 23.7 mM sulfate was detected in the medium. Therefore, 71.2 mol% of the sulfur of MS was released as sulfate, whereas the remaining sulfur was probably used as a sulfur source and assimilated by the cells. Cultures without inoculum or without a carbon source did not show any increase in optical density or sulfate concentration.
We also investigated other OSCs as sole carbon sources for strain B4 at concentrations of 0.2% (wt/vol). Homocysteine and taurine were also used by this strain; with either compound the cells reached the stationary growth phase after 48 h of incubation. In contrast, no growth was observed with cysteamine, 5-sulfosalicylic acid, 3-sulfinopropionic acid, 3-mercaptopropionic acid, 2-mercaptopropionic acid, or sulfosuccinate. However, V. paradoxus strain B4 was able to use all OSCs mentioned above except 5-sulfosalicylic acid as an organic sulfur source for growth (Table 3) . Besides these OSCs, thiosulfate and tetrathionate were used as inorganic sulfur sources.
Isolation and phenotypic characterization of Tn5::mobinduced mutants defective in MS catabolism. To investigate the MS metabolism in V. paradoxus strain B4 and to identify genes coding for enzymes involved in MS catabolism, transposon mutagenesis was done. About 20,000 kanamycin-resistant transconjugants were isolated and screened for those incapable of using MS as a sole carbon source on solid MSM and which, therefore, exhibited an MS-negative phenotype. In total, nine transposon-induced mutants (Icr6, Icr8, Icr13, Icr22, Icr23, Icr24, Icr28, Icr29, and BS1) exhibiting the MS-negative phenotype were identified. Mutants with the MS-leaky phenotype, which were still able to grow with MS but grew more slowly than the wild type, could not be identified.
Growth of eight of these MS-negative mutants on MSM agar (Table 3) . Interestingly, growth of all mutants except Icr8 was negative with taurine as a carbon source. Mutant Icr8 was unique because it was the only mutant unable to use homocysteine as a sole carbon source for growth. Growth of all mutants on the different OSCs used as sources of sulfur was similar to that of the wild-type strain B4; an exception was mutant Icr6, which was the only mutant incapable of using MS and also cysteamine as sulfur sources. The sulfate concentration detected in the cultures of all MS-negative mutants was significantly lower than 5 mM (data not shown). Tn5::mob into the genomes of the mutants were confirmed by Southern hybridization. The genotypic characterization of all nine mutants, including the identification of the genes in which Tn5 had been inserted, revealed for several mutants partially identical and overlapping sequences, thus indicating that some insertions had occurred in closely adjacent regions. The summary of these analyses in Fig. 3 also shows the positions of the nine transposon insertions in three different genomic regions that are relevant for MS catabolism in V. paradoxus strain B4. Mapping of Tn5::mob insertions in six independent MSnegative and also taurine-negative (as carbon sources) mutants (Icr13, Icr22, Icr23, Icr24, Icr28, and Icr29) revealed disruption of a gene coding for an MoeA homologue. The MoeA protein is involved in molybdenum (Mo) cofactor (Moco) biosynthesis. The putative MoeA of V. paradoxus strain B4 exhibits 77% amino acid identity to an MoeA of Acidovorax sp. JS42 (YP_986011). Moco is required by all molybdenum-containing enzymes, except nitrogenases, for their activity. Moco consists of a Mo atom coordinated to molybdopterin (MPT) (35, 73) .
In the other MS-and also taurine-negative mutants Icr6 and (57), was added at a concentration of 10 mM to MSM cultures of V. paradoxus B4 containing 0.5% (wt/vol) MS as a carbon source (Fig. 2B) . Growth of cells was strongly inhibited in such cultures, whereas sodium tungstate applied at the same concentration had no effect on growth with sodium gluconate. Thus, inhibition of growth by sodium tungstate was specific, thereby providing further evidence that an MPT oxidoreductase is involved in the catabolism of MS in V. paradoxus strain B4. In contrast, a less severe although still significant inhibition of cell growth was observed when MS was used as only a sulfur source in cultures containing gluconate as a carbon source and in the presence of sodium tungstate (Fig. 2B) . MPT oxidoreductase activity staining after nondenaturing PAGE. MPT oxidoreductase activity was detected in cell-free lysates from V. paradoxus strain B4 grown in the presence of MS as a sole carbon, sulfur, and energy source. The proteins present in this cell extract were separated by electrophoresis under nondenaturing conditions (Fig. 4) . When the gel was stained with oxidized DCPIP, the activity gave a negatively stained band by reducing DCPIP in the presence of MS (Fig. 4 , lane 2), thereby indicating an intensive MPT oxidoreductase activity. Since the negative controls with denatured extracts or without MS gave no signals (Fig. 4, lane 1) , the experiment revealed an intensive MS-dependent MPT oxidoreductase activity in the cell extract. Coomassie Brilliant Blue staining revealed a distinct protein spot in this region (Fig. 4, lane 3) .
Cellular localization of MPT oxidoreductase in V. paradoxus B4. Cells of strain B4 were grown aerobically in the presence of 0.5% (wt/vol) MS as a sole carbon, sulfur, and energy source and were used for subcellular fractionation by applying methods described by McEwan et al. (53) for spheroplast formation yielding periplasmic, membrane, and cytoplasmic fractions and by Bilous and Weiner (5), yielding a membrane and a cytoplasmic fraction. Activity of MPT oxidoreductase was measured using DCPIP as an electron acceptor and PMS for electron transfer (Fig. 5A ). High levels of activity were detected in only the cytoplasmic fractions, whereas the membrane and periplasmic fractions showed no activity, similar to the negative controls (denatured fractions). MPT oxidoreductase is therefore soluble in the cytoplasm.
MPT oxidoreductase activity in mutant Icr6. The Tn5-induced mutant Icr6 is defective in MPT oxidoreductase and 
a Cell growth at 30°under aerobic conditions in MSM was monitored after 48 h. The indicated sulfur compounds were used at a concentration of 0.8 mM as a sulfur source (S). All indicated carbon sources (C) were used at a concentration of 0.2 % (wt/vol). ϩ, growth; Ϫ, no growth; Ϯ, very weak growth; NT, not tested; WT, wild type. unable to use MS as a sole source of carbon and sulfur (Fig.  2D) . Cells of mutant Icr6 and of the wild-type B4 from a two-step cultivation experiment in MSM using gluconate as a carbon source in the first stage (36 h) and MS in the second stage (36 h) were analyzed for MPT oxidoreductase activity in the different fractions (Fig. 5B) . Activity was again detected in only the cytoplasmic fractions; activity in the mutant was only 8.9 U/mg of protein instead of 23.7 U/mg of protein in the wild type. This suggested that disruption of mopB caused a significantly decreased MPT oxidoreductase activity of only 32.8%, thereby preventing growth of mutant Icr6 on MS.
MPT oxidoreductase activity in the wild type after growth on different substrates. Since MPT oxidoreductase is an enzyme putatively involved in MS catabolism, it was investigated if its formation is induced by MS or whether it also occurs in cells cultivated in the presence of taurine, succinate, or sodium gluconate as a carbon source. Highest activities were measured (23.7 U/mg of protein) in the cytoplasmic fractions if strain B4 was cultivated with MS. A 38% increase in activity was observed if MS was also provided as a sole source of sulfur (Fig.  5A) . Very low enzyme activities were detected in cells cultivated with taurine (2.6 U/mg of protein) or succinate (0.4 U/mg of protein). Gluconate-grown cells exhibited medium enzyme activity (7.4 U/mg of protein). Enzyme activities in mutant Icr6 were comparable to activity in the wild type (3.3 U/mg of protein with taurine, 1.9 U/mg of protein with succinate, and 4.4 U/mg of protein with gluconate) but at a significantly reduced level in cells cultivated with MS (8.9 U/mg of protein).
In silico sequence analysis of MPT oxidoreductase. The MPT oxidoreductase gene (accession number HQ171988) of V. paradoxus strain B4 encoded a protein of 982 amino acids with a predicted molecular mass of 108,866 Da and an isoelectric point of 6.29. MPT oxidoreductase of strain B4 was found to be closely related to the orthologues of V. paradoxus strain S110 (accession number YP_002945695), V. eiseniae strain EF01-2 (accession number YP_998721), and Methylibium petroleiphilum strain MP1 (accession number YP_1101020057) (Fig. 6) , displaying 98, 87, and 86% amino acid identity to these proteins, respectively.
Growth on other compounds frequently metabolized by Moco-dependent enzymes. To investigate whether other Mocodependent pathways were also negatively affected in the moeA mutants, V. paradoxus strain B4 and several of the MS-negative mutants were grown on different substrates, such as xanthine, DMSO, sulfite, and nitrate, which are known to be metabolized by Moco-dependent enzymes. Cultivations of the cells were done in MSM containing 0.2% (wt/vol) xanthine or DMSO as a carbon source. In separate cultivation experiments, 0.8 mM 
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V. PARADOXUS B4 DEGRADATION OF MERCAPTOSUCCINATE 533 disodium sulfite or DMSO as a sulfur source or 18.6 mM potassium nitrate as a nitrogen source, each with 0.5% (wt/vol) sodium gluconate as a carbon source, was also used. Growth was monitored over a period of 48 h. Whereas the strains could not utilize xanthine or DMSO as a sole carbon source for growth, DMSO, sulfite, and nitrate were used as sole sulfur or nitrogen sources for growth. However, growth in the presence of DMSO or nitrate as a sole sulfur or nitrogen source, respectively, was reduced in the investigated moeA mutants (Table 3) .
Genotypic and phenotypic characterization of Tn5::mobinduced mutant Icr8. In the genome of the MS-negative, homocysteine-negative, and taurine-unaffected mutant Icr8, the Tn5::mob-insertion was mapped in a gene putatively encoding a 3-hydroxyacyl-coenzyme A (CoA) dehydrogenase (3HCDH; EC 1.1.1.157). With one of the 3HCDH homologues (paaH2) of Ralstonia eutropha strain H16 a sequence similarity of about 97% was observed (62) . 3HCDH is normally involved in fatty acid metabolism and catalyzes the conversion of 3-hydroxyacyl- FIG. 6 . Phylogenetic relationships of the V. paradoxus strain B4 MPT oxidoreductase (bold type) and orthologues. The neighbor-joining plot is from a CLUSTAL_X alignment of amino acid sequences most closely related to MPT oxidoreductase. The GenBank accession numbers are provided in parentheses. Scale bar, 10% sequence divergence.
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CoA to 3-oxoacyl-CoA (6). In E. coli (fadB) and Pseudomonas fragi (faoA) 3HCDH is part of a multifunctional enzyme which also contains an enoyl-CoA hydratase (ECH)/2,3-trans-enoylCoA isomerase (ECI) domain as well as a 3-hydroxybutyrylCoA epimerase domain (56) . There are two major regions of similarity in the sequences of proteins of the 3HCDH family: one is located in the amino-terminal region and corresponds to the NAD-binding site, whereas the other is located in the central region of the protein. Some proteins include two copies of this domain. In this study, a putative ech gene homologue was identified adjacent to the gene probably encoding the 3HCDH. The ECH protein (EC 4.2.1.17) catalyzes the reversible hydration of unsaturated fatty acyl-CoA to ␤-hydroxyacylCoA and is a member of crotonase superfamily, which comprises mechanistically diverse proteins sharing a conserved trimeric quaternary structure (36) . Both 3HCDH and ECH participate in the ␤-oxidation of fatty acids. To determine whether ␤-oxidation is involved in the catabolism of MS by V. paradoxus strain B4, growth of cells in MSM containing MS in the presence of acrylic acid (2.5 mM), a known inhibitor of ␤-oxidation (77), was investigated. Growth of strain B4 with 0.5% (wt/vol) MS was strongly inhibited by acrylic acid, whereas no negative effect occurred if gluconate was used in a control as a carbon source (Fig. 2C) . This suggested an involvement of 3HCDH in MS catabolism in V. paradoxus strain B4, and ␤-oxidation is probably important for degradation of intermediates of MS catabolism.
DISCUSSION
Degradation of MS has been previously investigated in only
Alcaligenes sp. (31, 32) and Rhodopseudomonas sp. (79) but without unraveling the pathway for MS catabolism. In this study, we isolated 15 MS-utilizing bacteria from soil and water samples. Most of them were affiliated to genera whose members are related to opportunistic human pathogens such as Achromobacter xylosoxidans and Bordetella species. The Gramnegative isolate B4 was identified as a strain of V. paradoxus, and since it was clearly related to risk group 1, it was characterized with regard to growth on MS and other substrates relevant to an understanding of the catabolism of MS and its use as a carbon and sulfur source for growth. V. paradoxus strain B4 was easily accessible to transposon mutagenesis, thus enabling the identification of genes for enzymes involved in MS degradation. Nine independent Tn5::mob-induced mutants exhibiting the MS-negative phenotype were identified, and a putative catabolic pathway for MS was proposed (Fig. 7) . In V. paradoxus strain B4, an enzyme belonging to the family of molybdenum-containing enzymes, which was identified as a putative MPT oxidoreductase, catalyzes the transfer of two FIG. 7 . Putative pathway for degradation of mercaptosuccinate in V. paradoxus strain B4. Initially, a Moco-dependent oxidoreductase (MS oxidoreductase) catalyzes the transfer to MS of two oxygen atoms from water, producing sulfinosuccinate, which is subsequently oxidized to sulfosuccinate. The sulfur moiety in this intermediate is then probably removed as sulfite, yielding oxaloacetate by a desulfonation reaction. Afterwards, oxaloacetate could be further metabolized via the tricarboxylic acid cycle. Finally, sulfite is oxidized to sulfate via adenosine 5Ј-phosphosulfate (APS) or by either a sulfite oxidase (Sox) or a sulfite dehydrogenase (Sor). Because MS oxidoreductase and the sulfite oxidases belong to the group of molybdoenzymes, requiring molybdopterin guanine dinucleotide (MGD) or molybdenum cofactor (Moco), respectively, for their catalytic activities, this dependence is indicated by dashed arrows. The participation of MoeA and MobA proteins in the biosynthesis of the Mo-containing cofactors is illustrated schematically. The hypothetical occurrence of sulfinosuccinate is indicated by brackets. In the box the assimilatory sulfate reduction is shown without details. Moco-dependent enzymes often catalyze the transfer of an oxygen atom from water to a substrate in a two-electron redox reaction (44) . These enzymes contribute to several reactions of the nitrogen, carbon, and sulfur cycles (35, 54, 73) . They have also been identified in the bacterial metabolism of some OSCs such as DMSO (84) , sulfite (25, 41) , and heterocyclic aromatic compounds (15, 27) . Therefore, it is feasible that a Mo-dependent enzyme is also involved in the catabolism of MS.
MS is a secondary thiol. Thiols are compounds analogous to alcohols exhibiting different and common properties. The O-H bond of alcohols is stronger than the S-H bond of thiols. In addition, the thiolate ion is more reactive than the corresponding alcoholate ion. Thiols are highly susceptible to oxidation (13) , and it is therefore likely that degradation of MS is initiated by an oxidation step. Oxidation reactions with concomitant introduction of oxygen into the molecules occurred also during degradation of other OSCs in several bacteria. Some examples are Rhodococcus species (20, 60) , V. paradoxus strain TBEA6 (12) , Advenella mimigardefordensis strain DPN7 T (83), and Pseudomonas putida strain DS (24) , as well as fungi (Caldariomyces fumago), yeast (Saccharomyces cerevisiae NRC2335), and algae (Corallina officinalis) (26) . These later studies demonstrated that sulfoxidation reactions are common steps during oxidation of various sulfides. Different classes of enzymes are involved in these processes (2, 9, 37), including those initially not related to the metabolism of OSCs (8, 26, 46) . Concerning Mo-dependent enzymes, two members of DMSO reductase family are also able to catalyze the oxidation of OSCs. (i) A periplasmic DMS:acceptor oxidoreductase allows photolitho-and chemolithoautotrophic growth of the marine bacterium Rhodobacter sulfidophilus with DMS as electron donor and DMSO formation during photosynthesis and respiration. Activity of the enzyme was detected by measuring electron transfer from DMS to DCPIP (34) . (ii) Moreover, oxidation of DMS by DMSO reductase (DMSOR) was measured with DCPIP as an electron acceptor (1) .
Therefore, it is postulated that the MS oxidoreductase of V. paradoxus strain B4 catalyzes the oxidation of MS. Applying the assay of Hanlon et al. (34) , activity of this enzyme was measured with DCPIP as an electron acceptor in the presence of PMS to mediate the transfer of electrons. This oxidation is the first step of MS catabolism in strain B4. This and the requirement of Moco for MS oxidation were also confirmed by addition of tungstate to the assay mixture during activity measurements in the cytoplasmic fractions where this enzyme was located. Addition of tungstate led to a strong decrease in activity (Fig. 5A) as with other Moco-containing enzymes (5). Furthermore, mutant Icr6, with insertionally inactivated mopB, showed significantly lower MS oxidoreductase activity than the wild type. Moreover, formation of MS oxidoreductase activity is promoted by the presence of MS in the medium, whereas cells grown with taurine, succinate, or gluconate as carbon sources expressed much lower activity, which suggests an induction of MS oxidoreductase by MS. The primary sequence of MPT oxidoreductase exhibited high homologies to various other MPT oxidoreductases whose proteins have not yet been characterized (Fig. 6 ). Finally the characteristics revealed for this enzyme led to the conclusion that this MPT oxidoreductase is a new member of the DMSOR family, with specificity to MS, and should therefore be referred to as MS oxidoreductase (see supplemental material).
Mutants defective in Moco biosynthesis and pleiotropic effect. Moco is almost ubiquitous in nature, and its biosynthesis, which comprises several steps, is highly conserved (73) . In bacteria, such as E. coli, MoeA is required in the final step of Moco biosynthesis for the mononuclear Mo is attached to MPT, and it is enhanced by MogA (58, 72) . In this study an moeA-homologous gene was insertionally inactivated in several of the MS-negative mutants of strain B4. Interestingly, the six mutants defective in Moco biosynthesis (moeA homologue defective) and mutants Icr6 and BS1 (mopB homologue defective) lost the ability to use not only MS but also taurine as a carbon source (Table 3 ). This strongly indicates that a Mocodependent enzyme is involved in not only MS but also taurine catabolism in V. paradoxus strain B4. In addition, according to growth experiments done with strain B4 and the MS-negative mutants on different substrates that are metabolized by Mocodependent enzymes, the negative effect on growth exhibited by moeA-defective mutants on DMSO and potassium nitrate could be explained by a lack of Moco. Moreover, mutant Icr6 showed weaker growth on DMSO than the wild type. This was not observed if sulfite was used as a sulfur source, probably because sulfite may also be metabolized by an alternative pathway via adenosine 5Ј-phosphosulfate independently of Moco (41) . This indicates that Moco deficiency negatively affects the activity of other molybdoenzymes besides the enzyme involved in MS catabolism. On the other hand, in most bacterial Modependent enzymes, the fusion of a nucleotide monophosphate to the Moco side chain is required. This reaction is catalyzed by MobA, yielding the molybdopterin guanine dinucleotide (MGD) cofactor, which is the active cofactor of most prokaryotic molybdoenzymes (50, 58) and is also found in enzymes belonging to the DMSOR family. In this study, a gene coding for a homologue of the MGD biosynthesis protein (MobA) was identified and located adjacent to moeA in the V. paradoxus strain B4 genome. Therefore, if an MPT oxidoreductase is involved in MS degradation, MGD is probably available as cofactor.
Last steps of MS catabolism. It is postulated that MS oxidation catalyzed by MS oxidoreductase yields sulfinosuccinate, which undergoes further oxidation yielding sulfosuccinate. The latter step may be also catalyzed by this oxidoreductase or by a different enzyme. Sulfosuccinate has been identified as an intermediate of bacterial degradation of the anionic surfactant dialkyl sulfosuccinate (DASS) (63) . C 6 /C 8 dialkyl sulfosuccinate biodegradation by activated sewage sludge resulted in the formation of sulfosuccinate (30) . Moreover, in Comamonas terrigena N3H, sulfosuccinate and octanol were released after the hydrolysis of ester bonds of dioctyl sulfosuccinate (29) . In this study, the wild-type and all Tn5-induced mutants were able to use sulfosuccinate as a sulfur source but not as a carbon source. One reason for this may be a limitation of the transport of sulfosuccinate into the cells if it is required in larger amounts when used as a carbon source.
Furthermore, in V. paradoxus strain B4, the cleavage of the sulfur moiety of sulfosuccinate could be the cause of the detection and accumulation of sulfate into the medium, involving a desulfonation reaction. The release of sulfite from diverse sulfonates as products of the desulfonation involves different enzymes in bacteria (14, 16) , such as dioxygenases (40) , the two-component alkane sulfonate monooxygenase system (22, 23) , and sulfoacetaldehyde acetyltransferase (Xsc) (19, 42, 45, 66) . In V. paradoxus strain B4 oxaloacetate may be formed by a still unknown desulfonation reaction, which concomitantly releases sulfite; oxaloacetate could be further metabolized via the tricarboxylic acid cycle. Sulfite formation was supported by detection of sulfate in the medium of strain B4 cultures. During cultivation of all MS-negative mutants, only very low sulfate concentrations were detectable. Sulfite is most probably not produced by these mutants, or it could not be reduced to sulfate, corresponding to the MS catabolism pathway proposed in this study. Since MS interfered with the quantitative analysis of sulfite, concentrations of sulfite could not be determined. However, sulfite oxidase activity was detected in cell extracts of strain B4 (data not shown), indicating occurrence of sulfite in the cells (65) . Thus, sulfite could be oxidized to sulfate either via adenosine 5Ј-phosphosulfate (APS) with participation of APS reductase and ADP sulfurylase or directly by Sox or Sor (41) . Occurrence of sulfate as one end product of MS catabolism was previously described (31) and was also proved in this study.
Participation of a 3HCDH homologue in MS catabolism is supported by mapping the Tn5 insertion of mutant Icr8 in a gene coding for a 3HCDH homologue (paaH2). Additional evidence was provided by a strong and specific inhibitory effect of acrylic acid on growth of V. paradoxus strain B4. In accordance with this, growth of mutant Icr8 on taurine was not impaired. However, the exact function of the 3HCDH homologue in MS catabolism remains to be elucidated. Purification of the enzymes involved in the proposed pathway and detailed enzymatic studies will be necessary to fully understand the biochemical reactions occurring in this bacterium during MS catabolism.
